The maize nodal root system plays a crucial role in the development of the aboveground plant and determines the yield via the uptake of water and nutrients in the field. However, the genetic architecture of the maize nodal root system is not well understood, and it has become the 'dark matter' of maize genetics. Here, a large teosinte-maize population was analyzed, and high-resolution mapping revealed that 62 out of 133 quantitative trait loci (QTLs), accounting for approximately half of the total genetic variation in nodal root number, were derived from QTLs for flowering time, which was further validated through a transgenic analysis and a genome-wide association study. However, only 16% of the total genetic variation in nodal root number was derived from QTLs for plant height. These results gave a hint that flowering time played a key role in shaping nodal root number via indirect selection during maize domestication. Our results also supported that more aerial nodal roots and fewer crown roots might be favored in temperate maize, and this root architecture might efficiently improve root-lodging resistance and the ability to take up deep water and nitrogen under dense planting.
INTRODUCTION
Maize was domesticated from its progenitor teosinte approximately 10 000 years ago (Doebley et al., 2006) , and many traits have been subsequently reshaped via human selection. Compared with the aboveground traits, maize root remains little understood in genetics. Thus, maize root has become the 'dark matter' of maize genetics. Maize roots play a fundamental role in development of the maize plant via the uptake of water and nutrients. Four basic components, the root diameter, length, angle and number, are integrated to form a complex, dynamic three-dimensional (3D) root system architecture (RSA) in the soil (Burton et al., 2014) . The maize 3D RSA is affected by genetic and environmental factors, including water, soil and temperature; conversely, the RSA influences the uptake of nutrients and drought tolerance and determines the development and yield of the aboveground maize plant (Hochholdinger and Tuberosa, 2009 ). Thus, the RSA has become one of the major targets of human selection during maize domestication. During domestication, ancient humans indirectly selected favorable genetic alleles for maize RSA by breeding for traits associated with the appearance of the aboveground plant, similar to modern root breeding . However, the method by which indirect selection reshaped maize RSA has not been determined.
Maize roots are initiated after germination, and during development maize can form early embryonic roots and then nodal root systems. The early embryonic root system consists of one primary root and several seminal roots (Figure 1a) , although the later nodal root system includes aerial nodal roots that emerge at the aboveground nodes, crown roots that form at the belowground nodes and lateral roots that cover both nodal roots (Figure 1b, c) . The uptake of water and nutrients is conducted via the early embryonic root system at the seedling stage and the nodal root system for other stages of the maize plant. Generally, aerial nodal roots on the lower nodes aboveground will extend and penetrate into the soil to provide support to keep the plant upright, which may influence root-lodging resistance.
The primary challenge in maize root research is measurement of the RSA. Maize RSAs that are buried in the ground have been revealed to be very difficult to measure. Several imaging systems have been developed to detect early maize embryonic root systems of seedlings in the greenhouse (Zeng et al., 2008; Le Bot et al., 2010; Clark et al., 2011; Lobet et al., 2011; Colombi et al., 2015; Das et al., 2015) ; however, such imaging systems are not suitable for the maize nodal root systems of mature plants in the field because of the complexity of the nodal root system.
In this study, a new method of investigation was developed to measure the nodal root number across a large population of teosinte and maize in the field. High-resolution mapping showed that 62 out of 133 quantitative trait loci (QTLs) that explain approximately half of the total genetic variation in nine nodal root number traits overlapped with flowering-time QTLs. Four flowering-time genes were further validated to co-regulate nodal root (a) Embryonic root system, which consists of a primary root (turquoise), seminal root (blue) and small root hairs on the primary root, and a green seedling, which represents a 2-week old plant. (b), (c) Nodal root system, which consists of an aerial nodal root above ground, a crown root in the ground and lateral roots mainly covering the crown root, obtained from a mature plant in the filling stage in the field (b) and a close-up view of the nodal root system after cutting the nodal roots (c). The black background indicates soil. (d), (e) Growth curve of the aerial nodal root number (ARN), crown root number (CRN) and total nodal root number (RN) (d), and aerial nodal root layer number (ARLN), crown root layer number (CRLN) and total nodal root layer number (RLN) (e) from a mature W22 maize plant in the field; the dashed lines represent the growth curves, which connect the different median values of root number measured nearly every week from the seeding to filling stages. Seedling stage, before 8-2; jointing stage, 8-2 to 8-26; flowering stage, 8-26 to 9-9; and filling stage, after 9-9. number via transgenic complementation and genome-wide association studies. Our results gave a hint that the underground maize nodal root number was generally regulated by the aboveground trait of flowering time via indirect selection during maize domestication. Our results also supported that more aerial nodal roots and fewer, but strong and long, crown roots might have been favored in temperate maize during domestication. Such a root architecture that includes more aerial nodal roots and fewer crown roots might efficiently improve root-lodging resistance and deep water and nitrogen uptake.
RESULTS

New method for investigating maize nodal root number
To simplify complex nodal root system measurements in the field, we attempted to count the traits related to nodal root number, which is one of the basic components of the nodal root architecture of mature maize plants in the field (see Figure S1 in the online Supporting Information). Nodal root number traits, including the aerial nodal root number (ARN), crown root number (CRN), total nodal root number (RN, the sum of ARN and CRN), aerial nodal root layer (node) number (ARLN), crown root layer number (CRLN) and total nodal root layer number (RLN, the sum of ARLN and CRLN) (see Experimental Procedures and Figure S1) , are easily investigated in mature maize plants in the field using simple tools (see Experimental Procedures and Figures S1 and S2 ). The ARN per layer (ARNPL), CRN per layer (CRNPL) and nodal root number per layer (RNPL) were obtained via the following calculations: ARN/ARLN, CRN/CRLN and RN/RLN, respectively. Thus, large-scale measurements of these nine nodal root number traits are feasible for mature maize plants in the field.
To identify the stages at which large-scale measurements can be performed for the nodal root number traits of mature maize plants in the field, we carefully counted six traits (ARN, CRN, RN, ARLN, CRLN and RLN) from the seedling stage to the grain-filling stage from a temperate maize inbred line (W22) in the field (Figure 1d , e). All growth curves exhibited an approximate S-shape, suggesting that these six nodal root traits generally started slowly at the early seedling stage (before the date 7-24), increased faster at the jointing stage (8-2 to 8-26), accumulated slowly at the silking stage, and finally approached the maximum at the end of the grain-filling stage (Figures 1d, e and S3) . Therefore, large-scale measurements of these nine nodal root traits can be performed at the end of the grain-filling stage.
Large-scale measurements of the maize nodal root number in a teosinte-maize population with 866 lines
To identify the molecular basis for the nodal root number during maize domestication, we grew a large teosintemaize (W22) population (BC 2 S 3 ) with 866 individuals at the low-latitude location of Hainan, South China in 2013 and the high-latitude location of Beijing, North China in 2014. All nine nodal root number traits were measured in both locations. We first compared the means and coefficients of variation (CVs) of these nine nodal root number traits (Figure 2a, b) . All the means of the nine nodal root number traits of the low-latitude location in Hainan were lower than those of the high-latitude location in Beijing. The CVs of ARN and CRN exhibited apparently higher values in Hainan than in Beijing. However, the CV of RN (the sum of ARN and CRN) decreased in Hainan compared with that in Beijing. A similar result was also found in the following nodal root layer number traits: ARLN, CRLN and RLN (the sum of ARLN and CRLN). The inconsistency in CVs among these six nodal root traits indicated that the aboveground ARN and belowground CRN may experience a common constraint in Hainan. We then performed a correlation analysis among these nine nodal root traits in both locations ( Figure 2c ). The patterns of the correlations were vastly different for the nine nodal root traits in Hainan and Beijing. Pairwise comparisons of the ARN traits (ARN, ARLN and ARNPL) and CRN traits (CRN, CRLN and CRNPL) frequently presented negative correlations in Hainan. However, both the aboveground and underground nodal root number traits were generally positively correlated in Beijing. Strong correlations were detected among the ARN traits (ARN, ARLN and ARNPL) and CRN traits (CRN, CRLN and CRNPL) in both Hainan and Beijing. All the above results suggest that the genetic basis for the same nodal root number in the same population may be different between these two locations at different latitudes.
High-resolution mapping of QTLs for the maize nodal root number in the teosinte-maize population with 866 lines To reveal the genetic basis for the nodal root number, a large-scale analysis of QTLs was conducted in the teosintemaize BC 2 S 3 population through a high-density genetic map with approximately 20 000 single nucleotide polymorphisms (SNPs) across 10 chromosomes (Hung et al., 2012) . A total of 133 QTLs (69 for Hainan and 64 for Beijing) were identified for the nine nodal root number traits in both locations (Figure 3 , Tables S1 and S2). All these QTLs have a minor genetic effect and individually account for <8% of the phenotypic variation (Tables S1 and S2 ). The total phenotypic variation for each trait explained by the QTLs usually ranged from 15% to 40%. The maximum and minimum phenotypic variations were found in RN (47.8%) and CRN (2.7%) in Hainan. The explained phenotypic variation for the CRN traits was clearly lower than that of the ARN traits in Hainan. However, the explained phenotypic variation for these traits was similar in Beijing. The QTLs for RN, ARN, RLN, ARLN and ARNPL as well as CRN, CRLN and CRNPL were generally clustered together in each location ( Figure 3 , Table S1 and Table S2 ), which is consistent with the correlation coefficient matrix among the nine nodal root traits (Figure 2c ). foundations. An analysis of the genetic allele effects of these 133 QTLs for the nine nodal root traits indicated that 48 out of 69 QTLs exhibited positive effects and most of the QTL alleles were derived from the domesticated parental line W22 in Hainan, whereas 48 out of 63 QTLs showed negative effects and most of the QTL alleles were contributed by the wild progenitor teosinte in Beijing ( Figure 4a , Tables S1 and S2). Approximately half of the genetic variation in the nine nodal root number traits was attributable to flowering time in the teosinte-maize population
To determine why these QTLs for nodal root number exhibit opposite genetic effects in Hainan and Beijing we compared the nodal root number QTLs with the flowering-time QTLs in the low-latitude location of Hainan and another high-latitude location in Madison, Wisconsin, USA (Hung et al., 2012) , because flowering time, which is the most important adaptive trait, is generally affected by the environment ( Figure 3 ). The QTL mapping for flowering time revealed 14 QTLs in Hainan and 24 QTLs in Madison, which accounted for 38% and 62% of the total phenotypic variation, respectively. Half of the alleles of the QTLs (7 out of 14) with an enhancing trait were derived from W22 in Hainan, whereas most of the alleles of the QTLs with high value (21 out of 24) were derived from teosinte in Madison (Tables S1 and S2) . We then identified whether the two flanking QTLs between the maize nodal root number and flowering time overlapped, based on whether the positions of these two flanking QTL peaks were within the genetic distances of 5 and 10 centimorgans (cM). For the RN trait, the number of overlapped QTLs between the nodal root number and flowering time was 5 out of 18 in Hainan and 2 out of 11 in Beijing within a 5-cM interval, whereas these two numbers increased to 8 and 5 within a 10-cM interval ( Figure S4 ). For all nine nodal root number traits, the number of overlapped QTLs was 15 out of 69 and 19 out of 64 within a 5-cM interval, whereas the overall numbers reached 28 out of 69 and 34 out of 64 within a 10-cM interval in both locations ( Figures S4 and Figure 4d , e). These 28 and 34 overlapped QTLs accounted for 42% and 52% of the total genetic variation in maize nodal root number in Hainan and Beijing, respectively (Figure 4d, e) . In comparison, the number of overlapped QTLs between the nodal root number and another aboveground trait, plant height, which is also usually affected by the environment, was 15 out of 69 within a 10-cM interval, explaining 22% of the genetic variation in nodal root number in Hainan (Table S1 and Figure 4f) . The number of overlapped QTLs then decreased to 10 after removing the QTLs that were shared among the traits nodal root number, plant height and flowering time, and they accounted for only 16% of the genetic variation in nodal root number (Figure 4g ). Therefore, approximately half of the total genetic variation in the nine nodal root number traits was attributable to the total of 62 overlapped QTLs derived from flowering time in both locations.
A major flowering-time QTL (ZmCCT) on chromosome 10 co-regulated the nodal root number
The QTL peaks of the nodal root number were consistent with that of the major QTL for flowering time on chromosome 10 ( Figure S5 and Table S2 ). This major QTL for flowering time on chromosome 10 was narrowed down to a segment of 202 kb, which contained only one gene (GRMZM2G381691, ZmCCT) coding a CCT domain, through the progenies of residual heterozygous lines from this same teosinte-W22 population (BC 2 S 3 ) (Hung et al., 2012) , and association mapping further identified a causal 5.1-kb transposon insertion that occurred in the promoter region of ZmCCT (Yang et al., 2013) . In this study, this 5.1-kb insertion was also present in the same position of the promoter region of ZmCCT in the domesticated parental line W22, and it led to early flowering.
To determine whether the flowering-time gene ZmCCT controls nodal root number we first compared the underground nodal root number in two near-isogenic lines (NILs) with and without this 5.1-kb insertion in the promoter region at the jointing stage. The early flowering NIL with the insertion had significantly fewer roots than the later flowering NIL without this insertion ( Figure S6 ). We then compared the underground nodal root number traits, including CRN, CRLN and CRNPL, between transgenic (TG) and non-transgenic (NG) control plants at the middle jointing stage (Figure 5a, b) . CRLN and CRNPL were significantly increased by 2 (P = 1.2 9 10 À13 ) and 0.9 (P = 3.8 9 10 À4 ), respectively, and the CRN was more significantly increased (P = 3.3 9 10 À9 ) in the TG plants (42.0) than the control NG plants (26.4) (Figure 5a, b) . These results suggested that the ZmCCT gene co-controlled the nodal root number and flowering time.
To determine how this ZmCCT gene regulates the development of the underground nodal root number, RNA sequencing (RNA-Seq) was conducted for leaf and crown root tissues between the NG and TG plants. The transcription pattern of the roots was distinguished from that of the leaves based on the results of a principal components analysis (PCA), the number of expressed genes and the number of upregulated and downregulated differentially expressed (DE) genes (Figure 5c -e, Tables S5 and S6). We identified 45 DE genes related to root development from the total of approximately 5000 DE genes in the roots. These 45 maize genes, which have orthologs with known root development functions in the model plant Arabidopsis, included 22 with positive effects and 10 with negative effects on lateral root number and 13 genes related to other aspects of root development (Figure 5f , Table S7 ). The 22 genes with positive effects on lateral root number include PIN1 (Xu et al., 2005) , LBD16 (Okushima et al., 2007) , LAX3 (Lee et al., 2015) , ARF19 (Okushima et al., 2007) , BIG (Guo et al., 2013) , AIR12 (Gibson and Todd, 2015) and cloned maize rtcs1 (Taramino et al., 2007) . All these genes are related to the plant hormone auxin, which acts as a common integrator for lateral root development (Lavenus et al., 2013) . The 10 genes with negative effects included EIN2 (Negi et al., 2008) and ACR4 (De Smet et al., (Table S7) . Within these 45 genes for root development, the expression of 41 genes was significantly increased in the TG plants, and they included 20 positive and 9 negative genes for lateral root number and 12 genes for other aspects of root development (Figure 5f , Table S7 ). Thus, the number of expressed positive genes greatly exceeded the number of negative genes for lateral root number, which led to considerable increases in the underground nodal root number in the TG plants.
A root architecture with more aerial nodal roots and fewer crown roots might be favored in temperate maize
The QTL alleles derived from the domesticated parental line W22 that controls the aboveground nodal root number traits clearly outnumbered those for underground crown root traits. The QTL allele number ratio of aboveground nodal root number traits [the QTL number of the ARN traits (ARN, ARLN, and ARNPL)/the QTL number of ARN and CRN traits (ARN, ARLN, ARNPL, CRN, CRLN, and CRNPL)] derived from W22 was far higher than 0.5, whereas the ratio contributed by the wild progenitor teosinte was restricted to 0.5 in both the low-and high-latitude locations (Figure 4b , Tables S1 and S2). The QTLs derived from teosinte generally control both the aboveground and underground nodal root number traits together; however, domestication differentiated this correlation between aerial nodal roots and crown roots, and most of the QTLs derived from W22 only regulated the aboveground nodal root number traits. To our surprise, most of the alleles of the QTLs that upregulated the belowground nodal root number traits were from teosinte ( Figure 4c) . As a result, approximately one-third of the total CRN was decreased in W22 compared with that in teosinte in Beijing. These results suggested that more aerial nodal roots and fewer crown roots might be favored in temperate maize.
DISCUSSION
Human selection has greatly reshaped teosinte, and maize underwent three basic and systemic changes: it became insensitive to environmental factors, produced a highyield, and adapted to dense planting conditions during domestication. Did these changes in the aboveground plant lead to the reshaping of the underground root architecture during domestication?
In this study, half of the total genetic variation in the nine nodal root number traits was derived from QTLs for flowering time, whereas only 16% of the total genetic variation in the nodal root number was derived from plant height. Eight and nine QTLs for flowering time co-controlled the maize nodal root traits in both the low-and high-latitude locations of Hainan and Beijing, respectively (Tables S1 and S2 ). Target genes under the QTL peaks of flowering time were selected based on high-resolution QTL mapping. We identified three more candidate genes that could govern both the nodal root number and flowering time ( Figure S7a ): GRMZM2G133555 on chromosome 1, GRMZM2G005732 on chromosome 7 and GRMZM2 G004483 on chromosome 9. The encoded CCT domain and PRR37 (Ma1; Murphy et al., 2011) and their orthologs control flowering time and multiple traits associated with biomass in rice, sorghum and Arabidopsis (Xue et al., 2008; Hung et al., 2012; Yang et al., 2013; Gao et al., 2014) . RNASeq revealed that all three maize flowering-time genes were expressed in the roots ( Figure S7b ). All three genes were hit by several genome-wide association studies (GWASs) of flowering time (Table S3) .
To validate the function of these three candidate genes for the nodal root number traits, we performed a GWAS with 663 globe maize inbred lines and 90 million SNPs using a newly developed statistical model, FarmCPU (Liu et al., 2016) , which can resolve the overfitting of the population structure (Q) and kinship (K) in the earlier applications of a mixed linear model (MLM) (Yu et al., 2006) , sharply decrease Type II errors and greatly improve the statistical power when the trait is highly associated with kinship ( Figure S7b, c) . Although these three QTLs of the maize nodal root number had small genetic effects (Tables  S1 and S2 ), the GWAS of the RN still detected strong signals surrounding these three candidate genes, and the SNPs strongly associated with the RN (P-value = 4.2 9 10 À6 , 4.1 9 10 À5 and 9.2 9 10 À5 ) were close to these three genes (GRMZM2G133555, GRMZM2G005732 and GRMZM2G004483) within a physical distance of 300 kb ( Figure S7d and Table S4 ). For GRMZM2G005732 corresponding to Ma1, the ortholog in Arabidopsis has been shown to positively regulate lateral root formation (Ruts et al., 2012) . The GWAS results, together with the genetic transformation of ZmCCT, gave a hint that flowering time played a key role in the reshaping of roots via indirect selection during maize domestication. Not all the QTLs for flowering time co-controlled nodal root number. In this study, 9 of 24 QTLs from Wisconsin (high latitude) and 8 of 14 QTLs from Hainan (low latitude) for flowering time controlled nodal root number. Maize plants with late flowering time may not have more nodal roots than plants with an early flowering time.
Roots play an import role in the development of the aboveground plant through the uptake of water and nutrients. Most of the cloned maize root genes apparently cocontrol the development of roots and the aboveground plant. Ancient peasants might not have dug the root to see how the root was changing. What they depended on to domesticate the root was the appearance of the aboveground plant. In this study, only half of the genetic variation of nodal root number was under the control of QTLs for flowering time. The other half of the genetic variation may originate from the selection of other traits or appearances of the aboveground plant under biological and abiological stresses. Flowering time is generally associated with population structure in maize. In this study only 45% of the QTLs for flowering time co-regulate nodal root, and about half of the genetic variation of nodal root number was attributed to indirect selection of the appearance of the aboveground plant excluding flowering time. Thus, indirect selection rather than population structure may have greatly reshaped maize nodal roots during domestication.
Roots have been intensively involved in the adaption of maize to mediate the coordination of shoot-root growth. Our large-scale QTL mapping revealed 133 QTLs for the nine maize nodal root number traits, each of which had small effects and a contribution of less than 8%. This genetic architecture of the nodal root number is distinct from that of complex domesticated aboveground traits, such as flowering time and ear number, where the genetic variation is governed by major and small-effect QTLs (Hung et al., 2012; Wills et al., 2013) (Tables S1 and S2 ). The indirect selection pressure exerted from the aboveground traits onto roots was moderate, although ancient humans further reshaped the root system via indirect selection during maize domestication. As the favorable alleles of roots accumulated, the shoot-root growth of maize plants became optimized, which helped these plants adapt to diverse environments worldwide.
A root architecture with more aerial nodal roots and fewer crown roots is consistent with the reshaping of the aboveground plant during maize domestication. Domesticated maize has greatly enlarged and heavy ears and then suffers lodging, and it is also confronted with stressors, especially drought, because of dense planting. Additional aerial nodal roots can improve root-lodging resistance, and fewer crown roots might promote strong, long roots that efficiently promote the uptake of deep water and nitrogen under dense planting.
In total, the selection for flowering time has indirectly reshaped the root system, and modern maize has developed more aerial nodal roots and fewer crown roots. Our study can be applied to improve the adaptation of maize under dramatic global climate changes. Breeders should pay more attention to flowering time than other aboveground traits when they are breeding new maize lines for drought tolerance. These new maize lines should retain the long-term optimized root architecture established by ancient humans.
CONCLUSIONS
The genetic foundation of the maize nodal root system, which is the key determinant of water and nutrient uptake for maize plants, is poorly understood. In this study, two genetic patterns for the maize nodal root system were observed: approximately half of the genetic variation in nodal root number was attributed to QTLs for flowering time, and more aerial nodal roots and fewer crown roots might be favored in temperate maize. Our results gave a hint that flowering time played a key role in reshaping the 
nodal root number through indirect selection during the domestication of maize. Additionally, a root architecture with more aerial nodal roots and fewer crown roots might efficiently improve root-lodging resistance and the ability to take up deep water and nitrogen under dense planting. These two basic patterns in maize root domestication can be applied to improve the adaptation of maize to dramatic global climate changes.
EXPERIMENTAL PROCEDURES Plant materials
The teosinte-W22 population (BC 2 S 3 ) with 866 lines was constructed by Dr John Doebley's lab (Lin et al., 2012) . 
Trait measurement
The maize nodal root system from mature plants consists of aboveground aerial nodal roots, belowground crown roots and small lateral roots covering both nodal roots ( Figure S1 ). The aerial nodal root is formed at the low aboveground nodes while the crown root emerges at the shortened nodes belowground ( Figure S1 ). The aerial nodal root, crown root and lateral roots together form the complex 3D RSA, which is responsible for water and nutrient uptake and physical support for the mature maize plant. The nodal root angle, diameter, length, number and density of lateral roots affect the RSA, which subsequently affects the efficiency of water and nutrient uptake ( Figure S1 ). Thus, the RSA controls the development and yield of maize plants.
To simplify the detection of the complex belowground RSA, one of the basic components of the RSA, nodal root number, was then investigated. The nodal root was first cut with a cutter knife, and the root stubbles on the stem could then be easily counted ( Figure S1 ). Ideally, the crown root should emerge on the node situated flush with the soil surface. Then, the '0' layer of the nodal root situated flush with the soil surface can be identified. The node where the nodal root emerges is defined as the root layer, and the root layers in the soil are denoted by '-1, -2, -3, . . .', whereas the root layers above the soil are denoted by '1, 2, 3, . . .'. In practice, the '0' layer was determined at the first rapidly condensed node that was underground at most times. However, maize nodal roots exhibited large variations. Some plants failed to exhibit highly condensed nodes underground; these plants were compared with other plants with the same genotypes and then the first node of the crown root could be determined. Thus, aerial nodal roots and crown roots can be distinguished (Figure S1) . Therefore, nine traits can be obtained for the maize nodal root number from mature plants in the field: ARN, CRN, RN (sum of ARN and CRN), ARLN, CRLN, RLN (sum of ARLN and CRLN), ARNPL (ARN divided by ARLN), CRNPL (CRN divided by CRNPL) and RNPL (RN divided by RLN) ( Figure S1 ).
To determine the stage that is appropriate for investigating these nine nodal root traits in mature maize plants, we measured the traits of the parent line W22 of this BC 2 S 3 population in the field nearly every week from the seedling to filling stages ( Figure S3 ). Ten plants were investigated each time. The growth curve of the traits signified that the nodal root number reached the extremum at the final filling stage. Therefore, large-scale measurements of the nodal root number traits were conducted at the end of the filling stage. We performed the large-scale measurements after harvest when all the plants were dying and the nodal root number of each plant was fixed.
To perform large-scale measurements of mature maize plants in the field, three simple tools, including a cutter knife, sickle and shovel, were utilized. First, the head of the mature plant was cut with a sickle, then the roots were dug with a shovel, excess soil knocked off and then the roots on the nodes were removed with the cutter knife (Figure S2 ). After these treatments, the root stubble at the nodes was counted plant by plant ( Figure S2 ). Large-scale measurements of the nine nodal root number traits were conducted across the whole teosinte-W22 BC 2 S 3 population with 2 9 886 9 10 plants between 2013 and 2014 and 663 global maize inbred lines with 663 9 10 plants in 2015.
Maize flowering time was evaluated through the day to pollen (DP), the day when 50% of the plants of each line from the teosinte-maize BC 2 S 3 population had reached the pollen shedding stage.
Mapping of QTLs
The teosinte-maize population was genotyped with 19 838 GBS (genotyping by sequencing) markers to construct an extremely high-density genetic map using R/qtl (Arends et al., 2010) with a new tool for the BCsFt population. The phenotypic data and genetic map were analyzed with R/qtl using the multiple-QTL mapping method and the new BCsFt tool.
Initial simple interval mapping was performed with the R/qtl function scanone using the Haley-Knott regression method, and the significance threshold at the P = 0.05 level for each trait was determined through 1000 permutations. Next, the positions of QTLs with a logarithm of the odds (LOD) score above the threshold were refined by the R/qtl function refineqtl. Subsequently, an additional QTL was scanned with the function addqtl based on the refined QTLs. Once the significant QTLs with LOD scores above the threshold were detected, the new QTLs were added to the model and the positions of all QTLs were refined again. All the above steps were repeated until no significant QTLs were added. When all the QTL positions were refined, the genetic effect and the significance of the individual QTLs were examined with drop-one-QTL analysis in the full model. The 1.5-LOD support interval was applied to estimate the QTL location with the R/qtl function lodint, and it was defined by the two closest flanking markers containing the interval in which the LOD score is within 1.5 units of its maximum.
Transformation analysis
The TG plant contains a construct of the CCT gene (GRMZM2G381691) on chromosome 10 under the control of its natural promoter (Yang et al., 2013) . Compared with the NG control plants, the TG plants exhibited enhanced traits associated with biomass, including flowering time and plant height. The crown root traits (CRN, CRLN and CRNPL) were measured for 10 TG and 10 NG plants at the middle stage of jointing. All belowground nodal root traits showed significant differences between the TG and NG plants according to Student's t-test (P < 0.01).
Genome-wide association study
The GWAS was performed using the FarmCPU model for these nine crown root traits with 9 million SNPs. The population structure was well controlled through the FarmCPU model, and strong signals were only detected from the total CRN (RN) for the three flowering-time genes GRMZM2G133555, GRMZM2G005732 and GRMZM2G004483 (Table S4 and Figure S7 ) because the nine nodal root traits were generally controlled by the QTLs with tiny genetic effects.
RNA-Seq analysis
RNA samples with three replicates were collected from the root and leaf tissues at the middle stage of jointing from the TG and NG maize plants. A total of 12 DNA-free RNA samples were then sequenced with HiSeq-2500 and approximately 100 Gb of raw sequencing data were obtained. The raw RNA-Seq reads were initially processed to remove the adapter sequences and low-quality bases with Trimmomatic version 0.33 (Bolger et al., 2014) in paired-end mode with the recommended parameters. The virus-like and rRNA-like RNA-Seq reads were further removed with fastq_clean. Finally, the clean RNA-Seq reads were mapped to the reference genomes using STAR (Dobin et al., 2013) version 2.5.0b. To improve the spliced alignment, STAR was provided with exon junction coordinates from the reference annotations. The default alignment parameters were used, and the outSAMattrIHstart parameter was changed to 0 for compatibility with the downstream software Cufflinks. Strong correlations (r > 0.95) between gene expression were present in these biological replicated samples. Gene expression was measured using Cufflinks and cuffdiff2 (Trapnell et al., 2013) and then visualized with the Integrated Genome Browser (IGB) (Nicol et al., 2009) , and the fragments per kilobase of exon per million fragments mapped (FPKM) was obtained. Genes with low expression values (FPKM < 1) were filtered for the downstream analysis. The Zea mays reference genome v3.29 with corresponding annotation information was downloaded from Ensembl Plant (Kersey et al., 2016) . The DE genes between each comparison group were determined by a corrected P-value (P < 0.05).
Quantitative real-time RT-PCR
The transcripts of the 10 representative DE genes related to root development were validated via quantitative (q)PCR reactions using the housekeeping gene GADPH as the internal control. The qPCR reactions with three technical replicates were performed under the following conditions: an initial denaturation step for 5 min at 95°C, which was followed by 40 cycles of 10 sec at 95°C and 20 sec at 60°C. The final transcript levels were determined by the relative quantification method Delta-Delta-CT (DDCT), which is a convenient method of calculating relative change in gene expression (Livak and Schmittgen, 2001 ). All the primers for these representative DE genes and GADPH are listed in Table S8 . Figure S3 . Maize nodal root number at different stages. Figure S4 . Overlapped quantitative trait loci between the nodal root number and flowering time. Figure S5 . Underground crown root number was controlled by ZmCCT on chromosome 10. Figure S6 . Comparison of the nodal root number between nearisogenic lines. Figure S7 . Genome-wide association study analysis for the total root number. Table S1 . Colocation of quantitative trait loci between the nodal root number and flowering time in Hainan (2013). Table S2 . Colocation of quantitative trait loci between the nodal root number and flowering time in Beijing (2014). Table S3 . Flowering-time candidate gene hits by the genome-wide association study. Table S4 . Genome-wide association study signals of the total nodal root number for three candidate genes. Table S5 . Fragments per kilobase of exon per million fragments mapped of maize genes from the leaves based on Cuffdiff. Table S6 . Fragments per kilobase of exon per million fragments mapped of maize genes from the roots based on Cuffdiff. Table S7 . Maize differentially expressed genes related to root development. Table S8 . Primer sequences.
